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Introduction
Nonlinear optical (NLO) and linear electro-optical (EO) materials have attracted great interest due to the possibility of their use in opto-electronic applications.
1 " 5 Originally inorganic crystals such as LiNb0 3 and KH 2 P0 4 had been used as nonlinear optical materials.
The need for more versatile and thermally stable materials gave rise to the use of organic polymeric systems. Extensive experimental and theoretical studies were performed in order to characterize the NLO properties of organic polymeric materials. 6 " 10 Primarily, these investigations were concerned with the magnitude and the temporal stability of the second order susceptibility, x a \ measured by the second harmonic generation technique. 11 " 13 In the case of amorphous polymeric materials, no significant second order effect could be achieved without considering the electric field poling process. Poling the organic polymeric material can be accomplished by raising the temperature of the polymeric system above its glass transition temperature, T,, while simultaneously applying a large static electric field. After an equilibrium is obtained, the temperature is lowered below T , and the field is turned off. Unfortunately, after the removal of the electric field the induced orientational order tends to decay over time and the second order effect gradually reduces to zero. To overcome this problem certain functionalized systems 14 " 15 and guest/host systems with high T g host polymers 16 ' 17 have been used; however the problem of increasing the NLO activity and enhancing temporal stability has not been solved. There is a need to investigate the dynamics of the poling process and the effect of the poling field on SHG relaxation for various polymer systems before the development of a useful NLO polymeric material with large and stable optical nonlinearities is accomplished.
Another quantity that characterizes the second order susceptibility of NLO polymeric materials is the linear electro-optic coefficient r (also known as the Pockels coefficient). 18 In the linear electro-optic effect a modulated (AC) electric field is applied to the polymer film causing a change in the index of refraction, proportional to the electric field. In general, the electro-optic coefficient is a third rank tensor, which is related to the second order susceptibility by 19 iij n k where r ijk is the ijk'th component of the linear electro-optic tensor and x®* is the corresponding component of the second order susceptibility tensor. where co' is the frequency of the fundamental used in measuring d n (which is simply x C) /2) and co is the frequency that the electro-optic coefficient is evaluated. /" is the Lorentz local field factor at frequency co given by (n" 2 +2)/3. f° is the local field factor at zero frequency, and in terms of Onsager's theory it is given by e(n 2 +2)/(n 2 +2e). Here e is the DC dielectric constant. This simplified two level description assumes both r ijk and x®* are both totally real. This is, in general, not true when measurements are made near the resonant absorption. To completely characterize the second order NLO properties of the organic material one must also consider the contribution from the imaginary part of both r jjk and
X^ijk-Thus, a more versatile and accessible technique is needed to yield the complete characterization of the second order susceptibility of polymeric materials involving charge transfer chromophores.
In this manuscript we develop a technique using the linear electro-absorption and electro-optic effects to characterize both the real and imaginary parts of the electro-optic coefficient and also examine the effect of the dispersion. We use a model guest/host system To detect the LEA signal, we used a two beam apparatus as shown in Fig.2 . We simultaneously measured the voltage signal from the application of the applied electric field to the sample at the modulated frequency and also the chopped transmitted light intensity using two lock-in amplifiers. Such measurements were initially carried out to verify the linear dependence of the LEA signal with the magnitude of the applied field, and to eliminate artifacts. The LEA response was measured by scanning over wavelengths close to and far from the absorption maximum.
The LEO measurements were performed by a procedure similar to that previously reported by Goodson and Wang. 22 A.
The linear electro-absorption experiment
In the linear electro-absorption (LEA) experiment we are interested in the change in the imaginary part of the refractive index as a function of the applied field. This is expressed as
where E is the strength of the external electric field; subscript I indicates the imaginary part;
(n), is the imaginary part of the refractive index, n 0 is the refractive index with no applied field, rj is the imaginary part of the optical Pockels coefficient tensor which is related to the second order susceptibility in accordance with Eq. (1). For brevity, subscripts of r indicating a specific tensor component are omitted in Eq. (3) and in subsequent equations.
The variation of (n 0 3 r)j with optical wavelength is known as the linear electro-absorption spectrum (LEA).
As light propagates through an absorbing medium, it is attenuated. The transmitted light intensity as detected by using the experimental setup given in Fig.2 is, Here, t, and t2 refer to the transmission coefficients of the front and back substrates respectively. E 0 is the amplitude of the optical field, X is the wavelength of light, and 1 is the physical path length of the light in the medium. The optical path length is related to the sample thickness by Snell's law
where d is the sample thickness, and n R is the real part of refractive index, which in the linear electro-optic effect is related to the real part of the Pockels coefficient similar to Eq.3, except for taking the real part. where n OI and n oR are the imaginary and real parts of the zero field refractive index in the absence of the external electric field (E=0). Here, I 0 is the light intensity measured by the detector with no applied field, and is given by,
One can easily detect I 0 as a function of incident angle 0^. The result is stored in the computer data file. Using the measured values of n 0l (at 520 nm the imaginary part of the refractive index with no field applied is equal to 0.692) and incident intensity, one can fit the detected I 0 as a function of angle to Eq. (7). The result is shown in Fig. 5 . The fit was rather satisfactory. The result provides accurate values of the external angle 0 ext and d for subsequent studies. As to be seen below, the value of (n 0 3 r) R /n oR at wavelengths within the absorption band is considerably smaller than (n 0 3 ryn 0 i. Thus, if the factor (n 0 3 r) R /n oR is small compared with (n 0 3 r),/n 0 i, and also if the incident angle 0^ is such that sinö^ < n oR /2 1/2 then the last term inside the square brackets on the right hand side of Eq. (6) can be neglected .
As a result, equation (6) Thus, at a given V^, by detecting 1° at frequency fl using an lock-in amplifier as a function of the optical wavelength and also knowing n oR and incident angle 0 ext , one can use Eq. (9) to obtain the quantity (n" 3 r)i. The LEA spectrum or (n 0 3 r)j as a function of wavelength over the region of 350 to 700 nm is shown in Fig.6 . Fig.7 is the dependence of the linear electro-absorption signal on the applied AC field for a 2.5 wt% DR1/PMMA film. Prior to this measurement, the polymer film was first poled using a contact electrode poling method. For contact poling, the sample was heated in an oven in the vicinity of T t (at 80 °C) and allowed to equilibrate. A large static electric field (about 10 6 V/cm) was applied across the film to orient the NLO chromophores dispersed in the polymer matrix. After poling the sample for a sufficiently long time, the sample temperature was slowly lowered while the static field was maintained.
Shown in
The static field was finally removed when the film temperature was at the room temperature.
The LEA measurements were subsequently made with this poled film at room temperature.
Comparing Fig.6 with Fig.3 (the linear absorption spectrum), one sees that the two spectra are not identical. The maximum in the LA spectrum is found at 495 nm while that of the LEA spectrum is at 475 nm. The half height at half maximum of the LA spectra is much wider than that of the LEA spectrum. The difference between the LEA and LA spectra is due to the linear Stark effect and dipolar orientation.
The linear Stark effect is purely of an electronic origin. 24, 25 This effect can be seen as due to a perturbation in the non-degenerate energy levels of the dipolar dopant molecules caused by the application of the external electric field. The mixing of states and the perturbed change in the energy levels gives rise to a shift in absorption frequency which is
proportional to the applied electric field. The dipolar orientation of the NLO chromophores also affects the LEA spectrum. As a matter of fact, in the absence of orientational order of the NLO chromophores, the LEA vanishes. Due to the fact that the LEA measurement is related to the second order effect, the orientation of the NLO dipoles plays a significant role on the magnitude and dispersion of the LEA response. The orientational order induced by the contact poling technique also affects the energy levels and density of states as a result of dipole-dipole interactions, ultimately causing a shift and spectral linewidth in the absorption spectrum.
B. Electro-optic response
We can obtain the linear electro-optic coefficient by separating the imaginary part of the refractive index from the real part with no applied field. The complex refractive index is given by, 27 n 0 = n 0R + in 0I do)
where 1% and n 0I refer to the real and imaginary parts respectively. The complex Pockels coefficient is given by,
where r R and rj refer to the real and imaginary parts, respectively. Substituting Eqs. (10) and (11) into the expression for (n 0 3 r) and after separating out the real and imaginary components, we have found (12) {nil) j = iminli) = r x ni x + 3r R nZ x n 0I -3r I n 0R ni I -r R nl x (13) which in a matrix form is given by,
{3nZgn 0I -n$ z ) (i2 0 V3flo 2 j*W (14) The solution for the real and imaginary Pockels coefficient can be obtained by inverting the matrix: 
Following Eqs. (16) and (17), one can calculate the real and imaginary parts of the Pockels coefficient from the imaginary and real parts of (n^r) which can be obtained respectively from the LEA and the electro-optic experiments using a Mach-Zehnder interferometer. 22, 29 Despite the fact that we could obtain the values for the imaginary part of the electrooptic effect, (no 3 r) b over the entire wavelength range of 300-700 nm, due to the lack of a tunable laser source needed for our Mach-Zehnder interferometer, we could only measure Table I are the calculated ratios a defined as,
From consideration of this ratio the approximation introduced in Eq. 6 can be evaluated. At 632.8 nm, which is the wavelength far from the resonant absorption of the 2.5 wt% DR1/PMMA film the ratio is equal to 0.28, at 488 nm it is 0.215, while the ratio is 0.087 at 514.5 mm, a wavelength close to the maximum of the resonant absorption. Since we are concerned with the LEA response near the absorption maximum the approximation introduced in obtaining Eq. 6 is justified.
C.
Relaxation of the Linear Electro-Absorption Intensity As was mentioned above, the presence of dipolar order is a requirement for organic polymeric materials to exhibit second order NLO effects. The dipolar orientational order is induced by the poling process involving the use of a strong static electric field. However, the induced orientational order is relaxes after the poling field has been removed. Thus, it is necessary to investigate the decay of the second order effect so that material's stability my elucidated. Shown in Fig. 8 is the relaxation of the LEA response for a 2.5 wt% The orientational relaxation in poled second order polymeric materials is generally probed by the second harmonic generation (SHG) technique. 26 The apparatus for this experiment is shown in Fig. 4 . A typical SHG poling and relaxation curve measured at 90 °C for a 2.5 wt% DR1/PMMA is shown in Fig. 9 . This measurement was also performed using the contact poling method with a field of about 1.2*10 6 V/cm. Detailed experimental procedures for the SHG relaxations measurements have been published elsewhere. 22, 23, 30 As it can be seen from Fig.9 the SHG intensity reaches a steady value before the poling field is terminated. At this time the SHG decay is monitored at the equilibrated temperature. In this expression T X and r 2 are the two relaxation time constants, /3j and ß 2 are the parameters describing the width of the distribution of relaxation times, and a and b correspond to the magnitude of the intensity associated with each particular stretched exponential. In both cases (LEA and SHG) the ß values obtained from the fit are close to unity. Due to the experimental configuration of applying the poling (DC) field and applying the modulated field (AC), the first few points of the relaxation process in the LEA measurement were lost. However, it has been shown elsewhere that the first relaxation time r x (the beginning of the decay curve) is associated with certain mechanisms, such as switching off of the electrodes and surface charge removal, and the third order optical effect which do not particularly relate to the relaxation of the NLO chromophores. 15 ' 22,23 Strong evidence has shown that the first time constant is not significantly effected by temperature. 22 However, the second time constant r 2 is very temperature dependent and is related to the relaxation of the NLO chromophores back into the polymer matrix. The applied field dependence of the LEA signal detected at the modulated frequency Q for a 2.5 wt% DR1/PMMA film. 
